A variety of cultural conditions were examined to determine the relationship between pyruvate kinase isozyme patterns and morphology in Mucor racemosus. The results indicate that M. racemosus has two isozymes of pyruvate kinase, form A and form B, which are clearly separable on ion-exchange columns (diethylaminoethyl-cellulose). Addition of glucose to cultures growing on amino acids in air resulted in the induction of form A and the termination of form B synthesis. Cycloheximide added at the same time as glucose blocked the formation of form A but did not interfere with the termination of form B synthesis. Removal of glucose resulted in termination of form A synthesis and the induction of form B. Cycloheximide blocked the induction of form B and did not interfere with the termination of form A synthesis. The data show that the isozyme type is not directly related to morphology, but depends only on the presence or absence of glucose.
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Many species of the dimorphic phycomycete Mucor are capable of either hyphal or yeast development, depending upon cultural conditions. In general, M. racemosus grows in the hyphal form in air and in the yeast form in C02. Yeast growth requires the presence of a hexose in the growth medium (2) , whereas hyphal growth occurs with a variety of carbon sources. This hexose requirement for yeast growth of Mucor suggests a role of hexose or a hexose metabolite in the regulation of morphogenesis.
There are three major control points in the catabolism of hexose, hexokinase, phosphofructokinase, and pyruvate kinase (14) . The level of pyruvate kinase activity in mammalian tissues is controlled in part by the level ofhexose in the fluid supply for that tissue (13) . A comparison of the pyruvate kinase activities found in different tissues has shown that there are several forms which differ both physically and kinetically. Three forms have been clearly identified in mammals: the K-type, the L-type, and the M-type from kidney, liver, and muscle, respectively (1, 3, 4) . These forms, classified as isozymes (5), are found basically only in the indicated tissues. When the cell type is altered, as in neoplasia, a new type appears (6) .
In certain tissues the activity of pyruvate kinase is known to be modulated by small molecules such as fructose 1,6-bisphosphate (FBP) (15) Isozymes of pyruvate kinase were demonstrated in M. rouxii by Passeron et al. (7, 11) , who showed that one of the isozymes (form I) is produced in the presence of glucose whereas another (form III) is found in cells grown in the absence of hexose. Although these two isozymes are similar physically, they are immunologically dissimilar and have quite different kinetic characteristics (7) . Form I is modulated by FBP (11) and Mg ion (12). Form m is unaffected by FBP (11 Preparation of extracts. In all experiments the cells were suspended in 5 to 10 ml of 10 mM tris(hydroxymethyl)aminomethane (Tris)-maleate buffer, pH 6.6, containing 20% glycerol, 5 mM 2-mercaptoethanol, 1 mM ethylenediaminetetraacetate (EDTA), and 5 mM MgCl2. The cells were disrupted in a French pressure cell. Extracts were centrifuged at 3,000 x g for 15 min, and the supernatant fluid was used as a source ofenzyme (crude extract).
Chromatography on DEAE-cellulose. Microgranular diethylaminoethyl (DEAE)-cellulose (Whatman DE52) was prepared by equilibration with several changes of 5 volumes of 10 mM Tris-maleate buffer, pH 6.6, 1 mM EDTA, 5 mM 2-mercaptoethanol, 5 mM MgCl2, and 20% glycerol. Analytical chromatography was performed by absorbing 20 to 30 mg of protein in a column (0.9 by 10 cm). The protein was eluted with a linear gradient of 0 to 0.2 M KCI in the equilibration buffer. Fractions of 1.0 ml were collected and tested for pyruvate kinase activity. For certain experiments 0.2-to L.-ml samples were applied to a column (0.4 by 2 cm) of DE52 in 10 mM Tris-maleate, pH 6.6, 1 mM EDTA, 20% glycerol, and 5 mM MgCl2. Under this condition, form A is not absorbed by the resin and form B is retained. The columns were washed three times with 1.0-ml volumes of buffer and then activity was eluted three times with 1.0-ml volumes of 50 mM MgCl2 in the above buffer.
Enzyme asays. Pyruvate kinase was assayed by the 2,4-dinitrophenylhydrazone method of Leloir and Goldemberg (9) . The standard incubation mixture contained 4 mM sodium adenosine diphosphate (ADP), 10 mM MgC12, 40 mM KCI, 8 mM phospho-(enol)pyruvate (PEP), 50 mM Tris-maleate, pH 6.6, and enzyme in a final volume of 0.15 ml (12). Incubation was carried out at 30°C for 10 min.
Protein was measured by the method of Lowry et al. (10) , with bovine serum albumin as standard. The protein was precipitated with cold trichloroacetic acid before the colorimetric determination to avoid interference by 2-mercaptoethanol.
RESULTS
Pyruvate kinase activity as a function of growth medium. Passeron and Roselino (11) have shown that, depending upon cultural conditions, M. rouxii extracts contain three forms of pyruvate kinase activities (i.e., forms I, II, and HI), which are separable by DEAE-cellulose column chromatography. Figure 1 presents the elution profile from DEAE-cellulose columns of pyruvate kinase activity as found in extracts of M. racemosus grown in YP plus glucose (Fig. 1A) or YP (Fig. 1B) Methods. The activity which elutes at 40 mM KCl is designated form A, and that which elutes at 150 mM KCl is designated form B.
mixture of extracts from cells grown with and without glucose yielded two peaks of activity at the same positions as the separate preparations. Activity which eluted at 40 mM KO1 is designated form A, and activity which eluted at 150 mM KO1 is designated form B. A third (or intermnediate) peak of activity reported by Passeron and Roselino (11) was never observed in M. racemosus extracts.
In Table 1 not appear to be any differences in the form or level of the activity between air-grown mycelia and C02-grown yeast on the rich medium with glucose. Yeast will not grow in the absence of hexose.
With either medium, the A form of pyruvate kinase was found in the presence of glucose at two to three times the level of the B form found in the absence of glucose. Dibutyryl cyclic AMP at concentrations which result in yeastlike growth (8) did not affect either the type or level of isozyme of pyruvate kinase.
The isozyme form found in sporangiospores also depended on the presence of glucose in the growth medium. On a yeast extract-peptoneglucose medium, form A was produced, whereas on a medium that did not contain glucose form B was produced.
Kinetics of pyruvate kinase A and B. The A form of pyruvate kinase is an allosteric protein which displays positive cooperativity effects for PEP. FBP activated the A form ( Fig. 2A) . The B form of the enzyme exhibited typical Michaelis-Menten kinetics with PEP at high ADP levels (Fig. 2B) Fig. 2A) and B ( Fig.   2B ) with (0) without (@) fructose 1,6-bisphosphate in the reaction mixture. The assay mixture contained Tris-maleate, 50 mM, pH 6.6; ADP, 5 mM; MgCI2, 5 mM; KCI, 40 mM; PEP as indicated; FBP (when added), 2 mM; and enzyme in 0.15 ml. The reaction was performed at 30°C for 10 min. Activity was determined by the method of Leloir and Goldemberg (9) .
shift from glucose to nonglucose growing conditions. Aerobic cells germinated in glucose-containing media have already been shown to contain the A form of pyruvate kinase. When these cells were removed from the medium in early exponential growth, washed free from the medium, and placed in either YP or defined medium without a hexose, form B isozyme began to appear (Fig. 3) . Although the synthesis of form A was terminated, there was little or no loss of preexisting form A. Cycloheximide, an inhibitor of protein synthesis in Mucor, completely inhibited the synthesis of isozyme form B with no effect on preformed A. Cyclic AMP added at the time the hexose was removed did not significantly alter the response of the cells.
Shift from nonglucose to glucose growing conditions. Aerobic cells grown without glucose in either the rich or the defined medium contained the B isozyme of pyruvate kinase. When glucose was added to these cells, synthesis of form B was terminated and form A began to appear (Fig. 4) . Addition of dibutyryl cyclic AMP to the nonglucose culture had no effect on either morphological form or pyruvate kinase isozyme type. Cultures receiving both cyclic AMP and glucose grew into the yeast form, but there was no effect on the pyruvate kinase activity or isozyme type. Cycloheximide completely inhibited the glucose induction of form A isozyme and had no effect on the termination of form B synthesis, nor on the level of form B 4 . Activity levels of each pyruvate kinase isozyme type after shift from nonglucose (YP) to glucose (YP+ 2% glucose) growth conditions. Assay conditions were the same as in Fig. 3. which persisted in the cells after addition of the glucose.
M. racemosus is incapable of growth under anaerobic (100% CO2) conditions in the absence of hexose. When aerobically growing cells containing form A isozyme of pyruvate kinase were removed from the glucose medium prior to being shifted to a CO2 environment, there was no induction (or derepression) of form B isozyme. Removal of glucose from a Mucor culture under 100% CO2 resulted in termination of both growth and synthesis of pyruvate kinase. No form B was synthesized, and the form A which was present in the cell at the time of the shift was stable for several hours.
DISCUSSION
Friedenthal et al. (7) have reported that M. rouxii produces isozymes of pyruvate kinase. The data presented here show that M. racemosus also produces isozymes of pyruvate kinase ( Fig. 1) : one of these isozymes (form A) is produced when the cells are grown in a hexosecontaining medium, and the other (form B) is produced when the cells are grown in a medium free from hexose. It appears from these data that Mucor species are unique among eucaryotic organisms in that more than one isozyme of pyruvate kinase can be demonstrated in a single cell type, i.e., during a nutritional shift.
In addition to affecting the pyruvate kinase isozyme form in M. racemosus, hexose or a hexose metabolite places certain restrictions on morphological form in this organism. It is not possible tu grow the yeast form or to cause morphogenesis to the yeast form in the absence of hexose. Perhaps there is a relationship between the inability of M. racemosus to grow in the yeast form without glucose and lack of a functional pyruvate kinase A form in that cell. In air with dibutyryl cyclic AMP and hexose, M. racemosus grows in the yeast form. These cells contain the A form. Without dibutyryl cyclic AMP in the medium, the mycelial form occurs and these cells also have the A form. Without dibutyryl cyclic AMP or glucose the organism grows as mycelia and contains form B isozyme. Also, the A or B activity which is formed is not lost when the organism is shifted to the alternate growth condition. That is, when glucose is added to a nonglucose culture the measurable B activity remains and new A is formed. In addition, when glucose is removed from a culture, the A form that is present remains constant and all new activity is of the B form. Cultures containing either the A or B form when shifted to anaerobiosis without glucose do not grow. Thus, even though the cells maintain active enzyme (either A or B) when shifted to anaerobic nonglucose conditions, they do not grow. Growth, therefore, is not dependent on preformed activity. Although it does not seem likely that the block in yeast development in the absence of glucose would be due to the inability of the cell to produce more of the A form of pyruvate kinase, we cannot rule it out.
Morphogenesis in Mucor is a vegetative process, and it may be that the termination of form A synthesis upon glucose removal is involved in the termination of growth in the yeast form under these conditions. It is more likely, however, that the synthesis of pyruvate kinase isozymes is an indicator of the capabilities of the cell rather than a controlling element. Isozyme type is under the control of hexose; morphology is only partially under the control of hexose, and the relationship between the two is still not known.
Our interest in Mucor pyruvate kinase extends beyound a possible role in morphogenesis. We, and others (11) , have observed differences in both physical and kinetic characteristics of the Mucor pyruvate kinase isozymes. One explanation for these differences between isozymes is that each isozyme is the product of an independent genetic element. An alternative explanation is that there is a single gene producing the enzyme and that modifications take place post-translationally. Post-translational regulation of pyruvate kinase activity by noncovalent allosteric modulations has been well documented (6) . Covalent modifications (i.e., phosphorylation) have been shown to affect the activity of liver pyruvate kinase Lisozyme. This modification, however, could not be correlated with isozyme interconversions. The isozymes of pyruvate kinase that are found in M. racemosus do not appear to be converted to the alternate form either in vivo or in vitro as measured by either kinetic or physical characteristics. The A isozyme is made in response to glucose; the B isozyme responds to the absence of glucose. The data are consistent with the hypothesis that there are two structural genes for the production of two different pyruvate kinase proteins. Why the two are made is not clear.
Further physical, kinetic, and genetic analysis of the pyruvate kinase isozymes in Mucor should allow an approach to the question ofhow many structural genes there are and, more importantly, the mechanism(s) for controlling this system. LITERATURE CITED
